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SECTION I

INTRODUCTION

RCA Laboratories has been actively engaged in the development of VCO
Frequency Memory Systems for use in electronic countermeasure (ECM) applica-
tions. The basic type of system which has been under development involves the
use of a microwave discriminator to provide a frequency-dependent voltage to
first open-ldop tune the VCO and then to serve as a reference for correction of
set-on and memory errors in a feedback loop. The microwave discriminator is an
essential and critical component in the system.

During the course of this work, RCA Laboratories, under the sponsorship of
the Naval Electronic Systems Command, developed a new type of wideband micro-
wave frequency discriminator that is particularly well adapted to the function
of providing the reference for a VCO frequency memory system. The simplicity
of this new type of discriminator may eventually result in a small and low-cost
device suitable as a high-speed receiver for expendable surveillance and
countermeasures systems.

The discriminator consists of an FRT amplifier stage and a diode detector
with a minimal amount of associated circuitry to produce an analog voltage
uniquely and - as an objective - linearly related to an input frequency. In
its simplest form, the natural high-frequency roll-off characteristic of the
GaAs FET provides a signal to the detector diode that diminishes in amplitude
as the frequency increases. The ideal arrangement of an FET and a diode
directly connected with no other circuitry cannot be realized because of the
need for input and output connections, bias lines and chokes, and bypass and
blocking capacitors, but the ideal can be closely approached with a very small
circuit in which there are no lines long enough to cause the nonlinearities and
ripples that are common in the transfer characteristics of interferometer-type
discriminators. Furthermore, the leading and trailing edge errors due to the
transit time differential of the two path lengths of the interferometer do not
exist in the FET discriminator in which the rise and fall time limitations are
a function orly of the detector diode and the load capacitance. Another
advantage of the FET frequency discriminator is the FET amplification factor

which for the same given input signal produces a larger output signal from the

detector than a passive interferometer does. The larger the discriminator output




T N Ry N e R R e T T R TR e e M T T W § e T, L W e WY RTINS TR S e T

voltage, the smaller is the amount of video amplification needed to tune the
VCO and the faster it can be set on to the incoming frequency.

There are also disadvantages to the application of the FET frequency
discriminator, and one of the tasks of this program was to study these and
consider means to lessen the resulting consequences. Among these disadvantages
are lack of device-to-device uniformity, nonlinearity, temperature sensitivity,
and dependency upon input power level. The general objective of this program
was to continue the development effort and to work toward improvement in the
performance of the FET discriminator for low-cost expendable and frequency
set-on and surveillance applications. Specifically, the program was to include
effort on the following items:

(1) Development of improved frequency-to-voltage conversion linearity

for the discriminator.

(2) Improvements in the integration techniques for supporting the FET

amplifier and detector diodes on the same substrate.

(3) Optimized matching methods used between active and passive inter-

connected elements.

(4) Determination of temperature sensitivities and compensation tech-

niques to enable operation in an airborne environment.

(5) Determination of early life linearity changes and voltage output

stability to minimize aging effects.

(6) Implementation of cost reduction techniques wherever possible.

Since this program was a continuation of earlier effort involving the use
of FET discriminators in VCO frequency memory systems and was performed con-
currently with another contract amendment for a 7- to 11-GHz memory system,
most of the FET discriminator evaluation involved system tests in this frequency
range. The specific objective tasks of this program are listed in the following

work statement for Item 0005 of the modified contract.

WORK STATEMENT
FET MICROWAVE DISCRIMINATOR

1. Review deficiencies inherent in the prototype FET discriminator de-
livered to NESC. Verify areas requiring improvement against specifi-

cations for front-end and/or expendable receiver applications.
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Improve frequency-to-voltage conversion linearity. Optimize matching
methods and integration techniques. Utilize computer-aided design
techniques to optimize circuit topology to obtain conversion slope and
response required.

Fabricate, evaluate, and deliver one (1) interim discriminator model.
Determine temperature and aging effects on the stability of the dis-
criminator conversion characteristics. Implement temperature compensa-
tion controls.

Optimize multiple detector-to-circuit match. Determine optimum circuit
biasing techniques. ‘

Finalize integrated substrate and packaging design.

Build, test, and evaluate final discriminator models.

Deliver two (2) final models of the packaged discriminator.

Deliver bimonthly reports in the course of the program.

Deliver a final report at the completion of the program.




SECTION II

TECHNICAL DISCUSSION

A. DISCRIMINATOR FUNCTION AND REQUIREMENTS

The general function of any frequency discriminator is to convert an FM
signal into an AM waveform suitable for further processing. In the case of
typical FM communications signals, the absolute carrier frequency is not a part
of the transmitted information, and the only constraint is that it is properly
adjusted and stabilized for the specific communications channel or converted
frequency being used. For applications such as identification and ~ategoriza-

tion of unknown incoming signals, the absolute frequency-to-volta- conversion

characteristic of the frequency discriminator is significant and - :ending
upon the specific system - may be the limiting factor in the accu of the
system.

In an open-loop set-on VCO type of frequency memory system, such as the
system shown by the block diagram of Fig. 1, the output of the frequency
discriminator is used to electronically tune the VCO to the same frequency as
the incoming signal. There probably will be video amplifiers to increase the
voltage swing to the level required by the VCO to cover the required range, and
linearizers may be necessary to match the frequency-to-voltage characteristics
of the discriminator to the voltage-to-frequency tuning curve of the VCO.

Since there is basically a direct connection from the input discriminator to
the output VCO, the accuracy and stability of the frequency discriminator, as
well as the VCO and other components, determine the overall input to output
system error.

In the Locked-Open-Loop Voltage-Controlled Oscillator Frequency Memory
System (LOL-VCO-FMS) approach, the impracticality of basing a system on the
open loop accuracy and stability of the frequency discriminator, VCO, and other
components has been recognized, and two major features have been added to
improve the initial set-on and long-term memory errors. As shown by Fig. 2,
the block diagram of the 8- to 10-GHz LOL-VCO-FMS which was delivered prior to
this program, a sample of the incoming frequency is used to injection-lock the

VCO to precisely the input frequency when the open-loop tuning drives the VCO

close enough to this frequency to be within the locking range. Times as short




DISCRIMINATOR I

T 1]

T o B S I A B e S an R M e e e e s At JEAeBan Re A e R e AN R SIS i Ari et A r_-_.T
L'-.
L.
s OPEN-LOOP vCO FMS
. HF INPUT ERROR SOURCES FOR SET-ON ERROR < § | MH2
. (OUT OF 4GHz)
E. ap ar
. 1 f “Q‘% 4P<0 00248
. LIMITER Pour ¥ Pour
e | 1
L_ ~PiN—- — FREQ —=
p "
»
b

AV<SOuV

GH1

— FREQ —

AV(RISE TIME) _L

RISE TIME <1343
GAIN STABILITY>005%

SAMPLE
COMMAND
1 e SET ON<2025mV
SAMPLE AND HOLD ! V(SET-ON
VT 1] Seansienn I OROOP <8, V/pus
[} {DROOP)
—_———
S0p
€
D:Islgﬂ NONLINEARITY<20025%
VEO FIV
'r DRIFT < & IMH2
veo FREQ af (4 GHz STEP)
| DRIF T
= TIME—o=
AF OUTPUT
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as 50 ns have been demonstrated as adequate to achieve this type of VCO set-on
which became of little value in the frequency memory system that resulted
after the system was modified from a dual-discriminator approach to the sim-
plified arrangement of Fig. 2. The more significant new feature which dif-
ferentiates the LOL-VCO-FMS from the basic open-loop set-on VCO frequency

memory is the use of a feedback correction signal in which the discriminator

provides a measure of the real-time VCO frequency for comparison of the dis-

criminator output which was stored during the time the unknown input signal was

ﬁ present. In this arrangement, the long-term accuracy and stability require-
ﬁ. ments of the frequency discriminator are reduced because, ideally, the VCO is
g tuned by the feedback circuit to eliminate any open-loop error by equalizing
tl: the real-time discriminator output to the stored output from the same dis-

criminator. As long as there is no change in the discriminator during the

microsecond to millisecond intervals of interest, a4 residual error approaching
zero 1s fully realizable.

Of course, some limitations do remain in obtaining this low input-to-
output frequency error. Most important are the speed at which the error
correction can take place and the amount of error that can be corrected. Both
of these depend upon the gain and response of the feedback loop and upon the
magnitude of the initial open-loop error of the system. The smaller the
open-loop error, the less feedback gain will be required for a given final
error and, in general, the faster the corrections will take place.

The effects of absolute accuracy (the initial maximum difference between
input and output frequency at a specific delay time across the frequency band
at the time the system is aligned and calibrated) and stability (the same error
a period of time after the calibration) must be considered separately because
the discriminator characteristics affect each differently. With ideal ampli-

tiers and linearizers it should be possible to closely match any frequency

discriminator characteristic to any VCO tuning curve, but response time require-
ments make it necessary to limit the overall gain and the number of linearizer
breakpoints. Calculations have shown that if an open-loop time counstant of

50 ns is assumed, a marginally adequate system response time could be obtainable
with feedback gain as large as 50 (34 dB). Foui a #1-MHz residual crror from
this one cause, the maximum open-loop error should not exceed 250 MHz.  The

number of linearizer breakpoints s [imited tor practical reasons to about ten,

and the linearizer design as constrained by selection of o cireurt design and

a  om o oa e
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components consistent with the 50-ns time constant. These constraints, in

turn, make it essential that the discriminator have a smooth transfer charac-
teristic without reversals, which would cause three different frequencies to
produce the same output voltage, or sharp discontinuities, which would cause
regions of very high open-loop gain and system instabilities. For a nominal

open-loop gain of no more than ten, the voltage swing out of the frequency

discriminator should be an the order of 0.5 to 1.0 V since the VCOs used in

Y- various systems will probably require from 5 to 10 V to cover the full fre-

;; quency range. Finally, it has been demonstrated (see Appendix) that in a

p;f practical system requiring replacement of defective components such as a

‘l' discriminator or a VCO, direct matching of frequency-voltage characteristics
is difficult and both should have been initially adjusted against a normalized

linear specification.

Stability requirements involve an understanding of the effect of changes
once the initial calibrations or adjustments have been made and the system is
exposed to operation for extended periods over a range of typical environmental
conditions. In the direct open-loop set-on VCO frequency memory all changes
due to drift or temperature translate directly into operating errors. In the
LOL-VCO-FMS, the changes in discriminator or VCO characteristics are reduced by
the feedback gain of the correction circuit so that the residual error is much
smaller; however, the initial set-on error, before onset of the correction
process, is directly affected. If an additional *0.5-MHz error is allowed for
the system after settling, an additional %25-MHz drift error can be allowed for

the discriminator and VCO for the same 34-dB feedback gain condition. The

magnitude of this allowable error is such that temperature control of the
discriminator and VCO is essential.
In summary, the requirements for the frequency discriminator for use in an

LOC-VOC-FMS are:

; Input Frequency Bandwidth: 2 to 4 GHz (approximately)
;.f Output Signal for Full Band: 0.5 V minimum
t!f Rise Time: 20 ns maximum
tv Linearity: *50 MHz of straight line
F Reversals: None
i Fine Grain Slope Variation: Approx. 4:1 maximum
i!E Variation with Temperature: Voltage equivalent to *25 MHz
max imum
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B. REVIEW OF FET FREQUENCY DISCRIMINATOR - OPERATION AND DEFICIENCIES

One of the specific tasks of the contract work statement requires a review
of the inherent deficiencies of the prototype FET frequency discriminators and
consideration of the degree ot improvement required to permit such devices to
be practical for the front-end of expendable receiver or ECM systems. In such
systems, requirements for frequency identification and separation are added to
the standard receiver functions of signal interception and detection. With the
well-known interception probability limitations of swept YIG or superheterodyne
receivers and the large size and high-cost penalties associated with present
day channelized receivers, effort has been directed to the development and
improvement of high-speed, wideband frequency discriminator devices capable of
nanosecond response to short microwave pulses from interrogating search or
tracking radars. As a result, the passive phase interferometer has been put to
use as an instantaneous frequency measurement (IFM) subsystem in many types of
receiver applications.

Generic long-short line IFM devices (as shown in Fig. 3) operate by
splitting a preleveled rf signal into two unequal path lengths and then recom-
bining and detecting the resulting phase-displaced signals to produce an analog
voltage output which is a function of input frequency. Although advanced IFM
interferometers have been designed recently using MIC techniques for reducing
line length and minimizing fine grain structure due to interconnections and
other error-producing nonlinearities, these devices still suffer from mis-
matches and imbalances in the dual-line circuit causing periodic ripples and

discrete discontinuities in the band.

LONG LINE
| 348 '——Jq_ 348 o

INPUT 00— AV o4
MMI T
HYBRIO HYBRID MATCHED iLPJAPLI:‘IgR ouTPU

10 dB peTECTORS
?J SHORT AN
LINE

Figure 3. lLong-line/short-line pulse Interterometer
Frequency Discriminator.
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For adequate frequency resolution, e.g., *1 MHz in an overall frequency
coverage of 4 GHz, the input rf power variations across the band must be
restricted to a fraction of a dB, and the incidental power reflections and
mismatches due to the passive components must be equally minimized. This
requires that the components of the frequency discriminator for each of the
differential path lengths, hybrids, and crystal detectors be selected and
matched. Mismatches less than 1.05:1 are required to provide the frequency
resolution and accuracy cited. Measurements have shown that the magnitude of
the discontinuities and ripples obtained from a specially developed MIC dual-
line interferometer - although a 3-1 improvement over the use of discrete
components - still produces a nonlinear frequency error equivalent to *50 MHz on
the 7- to 11-GHz band. This error is excessive for many receiver applications.

In an earlier phase of this contract, RCA demonstrated a new approach for
achieving frequency discrimination for IFM and receiver front-end applications
on a device development program funded by NESC. This frequency discriminator
used an active microwave field effect transistor (FET) in conjunction with a
simple circuit topology arrangement and a detector diode to achieve a monotonic
voltage output relatively proportional to rf frequency input. Figure 4 illu-
strates this active FET discriminator and compares it to a discrete component
dual-line interferometer. This prototype discriminator was fabricated using an
RCA GaAs MESFET chip that had the capability of providing 250-mW rf power
output in X-band and, as shown by the network analyzer data of Table 1, with a
typical gain capability of 6 dB at 7 GHz. With an input matching stub, it was
simple to obtain a gain contour that monotonically decreased as a function of
increasing frequency. This FET amplifier was flip-chip mounted on a ceramic
substrate that also supported the rf input and output circuitry. A beam-lead
Schottky diode, integrated on the same substrate, was used for output voltage
detection. This diode, which was isolated from the FET drain circuit by a
ceramic ~hip blocking capacitor, was forward biased at the proper operating
point through an appropriate dropping resistor and rf <hoke arrangement.

The known or presumed deficiencies of this prototype FET trequency dis-
criminator i1nclude sensitivity to input and environmental conditions as

described below.
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Figure 4. Comparison of the conventional interferometer
discriminator and the FET discriminator.

L TABLE 1. NETWORK ANALYZER DATA

% FREQ 11 21 12 22
. 7000.0  0.832 172  0.945 21  0.061 -9  0.526 -97
L 7500.0 0.848 151  0.983 3  0.068 -23  0.508 -121
N 8000.0 0.851 140  0.851 -13  0.063 -37  0.539 -149
jg 8500.0  0.859 141  0.705 -24  0.054 -46  0.610 -167

9000.0  0.844 146  0.589 -29  0.048 -48  0.635 -173

: 9500.0  0.831 151  0.556 =34  0.047 -47  0.637 -175

‘ 10000.0  0.814 150  0.558 =37  0.053 -44  0.662 -170

: FREQ H21 s21. Gl G2 GMAX U K
N 7000.0 -0.5 -0.5 5.1 1.4 6.0 0.11 1.77
= 7500.0 1.8  -0.2 5.5 1.3 6.7 0.4  1.33
e 8000.0 3.8 -1.4 5.6 1.5 5.7 0.13 1.51

8500.0 5.1 -3.0 5.8 2.0 4.8 0.12 1.80

- 9000.0 4.7 -4.6 5.4 2.2 3.1 0.09 2.71
. 9500.0 4.4 -5.1 5.1 2.3 2.2 0.07 3.26
o 10000.0 4.6 -5.1 4.7 2.5 2.2 0.08 2.98
L]
A

0

’ 10




1. Input Power Level

Since this type of frequency discriminator is intended to provide a signal
output proporticnal to frequency, the level of the input signal must be held
absolutely constant. For the prototype design, there is no means of reducing
this sensitivity by AGC, differential, or comparison techniques so that varia-
tions in input level are translated into frequency errors. For a 4-GHz band-
width system, a #0.1-dB input power variation from the calibrated norm would
produce an apparent frequency error of *46 MHz at midband with a maximum error
of #92 MHz at the high end of the band. C(Clearly, an input power limiter is
required with a flatness on the order of *0.01 dB to keep frequency errors from
this cause below *10 MHz. To lessen this sensitivity, a differential arrange-
ment - preferably with logarithmic semnsitivities - involving two discriminators
should be considered. Another potential means of reducing but not eliminating
this sensitivity is to use a sample of the input level to change the gain of
the discriminator postamplifier as a precalibrated open-loop correction. Such
a circuit would need a very fast response to track the discriminator rise and

fall times.

2. Input Match and Discontinuities

The connection between the input limiter and the FET frequency discrim-
inator is quite critical because of the high sensitivity of the FET frequency
discriminator to power level variations. Since a connector VSWR of 1.1:1 would
result in a mismatch loss of about 0.01 dB, a *10-MHz frequency error would
occur between a perfectly matched discriminator and limiter pair. With any
mismatch in either or both, the frequency error will vary widely as the mis-
matches add or subtract with phase and frequency. The effect of long trans-
mission lines will be to reduce the frequency difference between summing peaks
and nulling valleys and the resulting discriminator voltage vs frequency \
characteristic will develop a substantial ripple - possibly violating the
required voltage uniqueness required for any given input frequency. The only
solution to this type of deficiency is to make sure the mismatches are below

1.05:1 and that all transmission and coupling line lengths are absolutely

minimized.
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3. Sensitivity to Environmental Variations

Since the FET and the detector diode are inherently susceptible to bias
current variations with temperature, the dc output voltage must be expected to
change with temperature. Operating the discriminator in a temperature-controlled
environment will probably be a prerequisite to its use in a temperature-varying
environment. Over a limited range, it may be possible to compensate the dis-
criminator by varying the input bias conditions or the gain and offset of the
postamplifier. This would be done on an individual basis and would require
repeated temperature testing. Some form of built-in calibration using two or
three known frequency sources is another possible means of correcting for
discriminator sensitivity to temperature. The small size and minimal weight
of the FET frequency discriminator structure should make it fairly immune to

other environmental stresses such as shock and vibration.

C. DETECTOR DIODE

The function of the diode detector is to convert the rf signal into a dc
voltage level. Since most of the frequency discrimination will be provided by
the shaped gain of the FET amplifier, the frequency response of the detector
should be nominally flat although a gradual decrease in sensitivity with
increasing frequency would be acceptable. Most important is the need for
an interconnection between the FET amplifier and the detector diode that is
free of discontinuities and VSWR ripple producing transmission lines. Since
a low reflection coefficient match would be difficult to obtain between the
amplifier and detector over a wide band, as direct an interconnection as pos-
sible without transmission line matching elements is preferable. It is neces-
sary, however, to block the drain voltage from the detector and to bring in a
diode bias voltage for maximum censitivity and for one means of electronic
control of the discriminator characteristic. A schematic representation of the
FET frequency discriminator is shown in Fig. 5.

To implement a method for optimizing the match of the detector diode to
the FET amplifier, three different techniques have heen evaluated. The first
one was the typical chip tuning of the interconnecting line between the FET and
the diode. The desirable short length of this line does not leave much room
for positioning the small chip, but some effect can be observed and the shape
of the discriminator characteristic can be varied slightly. This 1s not an

adjustment technique that gives predictable results.
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Figure 5. FET frequency discriminator schematic.

A somewhat better means of varying the detector characteristic is to
adjust the diode bias voltage and the series current limiting resistor (R2).
With either of these variables, the current through the diode can be adjusted
to change the effective impedance of the diode to some degree. The size of
the series resistor changes the output video impedance of the detector since it
is effectively in parallel with the diode video impedance. The response time
will be adversely affected if the time constant (RZCZ) becomes too large. To
keep the rise time of the detected pulse such that the pulse will be within
0.025% (1 MHz out of 4 GHz) of full value in 10 ns requires a time constant of
1.2 ns. For a bypass capacitance (Cz) of 25 pF, a total effective resistance
of approximately 50-Q) maximum resistance is required without considering the
effective capacitance of the diode itself. The typical effect of detector
diode bias on the output of an FET discriminator is shown in Fig. 6.

The third technique considered for adjusting the diode characteristics was
the use of a diode structure consisting of a larc-e number of available diode
elements in which the specific number used could be selected for optimum
amplitude or linearity. To test this method, diode chips (a 7x7 matrix of

diodes on a single chip) were ordered from NEC* (ND5K2C). Although the bhonding

*Nippon Electric Co., Tokyo, Japan.
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Figure 6. Effect of detector bias on FET discriminator
output characteristic.

area of each diode is only 0.0005 in. diameter, it was possible to wire-bond to
5 of the approximately 49 diodes and to connect them in parallel to a metallized
ceramic (5 mil thick/10 mil wide) substrate in order to measure the microwave
frequency impedance for various numbers of diodes in parallel. The purpose was
to measure how the detector impedance would vary with the number of diodes
operating to determine if the detector array, with each diode separately biased
and individually controllable, could function as a linearizer with diodes

coming into conduction at different output levels from the FET stage.

Figure 7 shows the impedance plot obtained for three and two diodes
connected in parallel and a single diode with current levels of approximately
130 pPA each in a reasonably even division of current among the diodes. The
real part of the impedance is quite low - less than 5 (! - and the series
bonding inductance and diode (and stray) capacitance resonate at approximately
5 GHz for the three diodes in parallel and 7.5 GHz for the single diode. It
was nol possible to discern the change in the real part of the impedance with
the number of diodes because of the small load resistance level.

Figure 8 shows the variation of impedance of a single diode as a function

of current (100 to 160 pA). There is a decided shift in the real part of the

impedance in this case with little change in the reactance.

In the preceding tests, because of the physical structure of the diode
array, it was necessary to bias all the chips in parallel and assume unitformity
for the desired equal division of current. Since the results obtained did not

allow for the accurate determination of the change in impedance, additional
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Figure 7. Impedance plot for three and two diodes in parallel
‘and a single diode.

Figure 8. Impedance plot for a single diode as a
function of current.
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measurements were made with both the multiple diode array and a packaged device
of the same type at various current levels. These impedance plots are shown in
Figs. 9, 10, and 11; they are measurements of the following:
Fig. 9 - The multiple diode array with five diodes in parallel with the
total current set to 78.5 pA and 540 pA.
Fig. 10 - The multiple diode array with four, three, and two diodes
connected with the current adjusted so that each diode is
biased at approximately 125 pA.
Fig. 11 - The packaged diode (one diode) operated at the same 125-pA
bias level (approximately) and at 210 pA.

Figure 9. Impedance plot for five diodes in parallel.

A circuit was also fabricated to permit measurement of the HP 5082-0009

diode*, but we were unable to make adequate contact to this type of diode chip

16
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Figure 10. Impedance plots for four, three, and two diodes,
each diode biased at ~125 pA.

and measured an HP 5082-2217 (packaged) device instead. The results were
comparable to those obtained with the NEC diodes. During the program, the
circuits listed below were assembled and evaluated. As a general conclusion,

the choice of detector had a relatively small effect upon the overall linearity.

(1) Discriminator circuit using a chip form of detector diode.

(2) Two discriminator circuits using packaged detector diodes (NEC)
with a Johannson capacitor through the input 50-Q line for
tuning.

(3) Circuit to measure S-parameters of NEC detector diode in chip form.

(4) Circuit to measure S-parameters of NEC detector diode in packaged
form.

(5) Circuit to measure S-parameters of HP diode in chip form.

17




Figure 11. Impedance plot for one diode at 125 and 210 pA.

D. TEMPERATURE PERFORMANCE

The overall frequency discriminator essentially consists of the limiter,
the FET device, and the detector diode. Since these are all semiconductor
devices, it was to be expected that there would be significant offset changes
with variations of temperature; however, the magnitude of the changes and the
effect on the f/V transfer characteristic were not known.

One of the discriminators delivered during this program was tested at case
temperatures of 28 and 70°C. The discriminator consisted of an RCA-fabricated
4-gate FET chip and a packaged NEC detector diode built on a ceramic substrate

with suitable interconnection lines, blocking capacitors, and bias chokes. To

3 eliminate the effect of the limiter, the discriminator was driven from a
levelled sweep generator covering 7 to 11 GHz with an output of approximately
-6 dBm. As may be seen from the plotted results (Fig. 1.2), at room temperature

ii the f/V curve is reasonably uniform except for one major bump at 9.0 GHz. The

output voltage swing is 0.37 V (-0.16 to -0.53 V) tor a frequency swept trom

18
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Figure 12. Temperature performance.

7.0 to 11.2 GHz. When the temperature was raised to 70°C, an increment of
42°C, the total swing changed to 0.53 V (-0.6 to -0.59 V). In addition, the
shape of the curve changed in that the nonlinearities were accentuated.

From this test, it is obvious that any attempt al making absolute fre-
quency readings from the discriminator would be unsuccessful unless the tem-
perature was precisely controlled. The use of the discriminator in a system
such as the feedback mode of the Locked-Open-Loop VCO Frequency Memory System,
in which the discriminator voltage is used only to compare input and output
frequencies, is practical because of the short memory time required during
which time the temperature cannot significantly change. The overall calibra-
tion of the system and the ultimate accuracy require temperature stabilization
of the limiter and discriminator - as well as of the VCO and any dc amplifiers

in the tuning circuit or feedback loop.

E. INTERIM BREADBOARD MODEL

The interim breadboard model FET Frequency Discriminator delivered during

this program consisted of an RCA 4-gate and an NEC-packaged detector diode
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. arranged on an alumina substrate. In addition to the voltage tuning provided

by the FET gate and drain voltages and the detector diode bras current, ceram
chips were used to adjust the overall discriminator characteristic.  The output

voltage curve of the delivered model is shown 1n Fig. 13.  An output voltage

swing of almost 0.7 V was obtained with a trequency sweep from 7.0 to 11..0 GH-z.

e

The curve appears to be smooth and single-valued, but there are several bumps

probably resulting from the levelled sweep oscillator snput. A best-tat

straight line drawn through this characteristic would show g maximum error ot

+5% (2200 MHz out of 4 GHz). [t 4 narrower bandwidth 1s considered, such

ds

9.2 to 11.0 GHz, a maximum linearity error ot *1.3% (£25 MHz out ot 1.8 GHz)

exists. There 1s no apparent ftine grain

+10-MHz error.

error which would cause more than a

_— -053V
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Figure 13, Output voltage vs input frequency of inter:m
breadboard model .
* The anput level was approximately -6 dBm which 1o the Tevel usually ob-
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! model so that reproducible results counld bhe obtarned when tested with o daf-
p terent generatar, but g lrmiter was net anclhaded with this delavery,
“_ Foool- te 18-6Hz FET FREGUENCY DISCRIMINATORS
[ fo abdorion tao the work done on -t TE=0H2 FRED frequency e camenat
2
; ceme et ot e appiaed U the babrrcatayon el e abnatoone o s iminat e ey
L
b- [}
!




e

W

e

use in
18-GHz
of the

a frequency memory system
band. FETs specified to have usable gain over at
tested poorly, but the HP devices worked reasonably well

circutit.

supply voltages was used with the additional adjustment of gate

characteristic obtained with

one ot the HP devices
plot ot Fig.
7.5-GH»

single-valued throughout the 12.95- to range

swing of only 100 mV was obtained,

linearity.

intended for operation over

11- to 18-GHz band were purchased trom Dexcel and HP.

The same adjustment technique of varying the detector bias

15 shown hy

shown.

the tull
least the
Tht‘

in the

biras.

the X-Y

14. The curve is exceptionally smooth and ripple-free ane

An output

lower

and

11- to
halt

Dexcel chaps

discriminator

drain
The t/V
recorder
s

voltage

and the large slope variation would require
the use of a linearizer with at least three breakpoints for reasonable t/V
INPUT POWER LEVEL2Omw
175
GH;

" AERCOM [TSOLATOR] i
123 Gy rDA UMITER ag‘l_‘ﬁT,S FET |
1 MODEL AL 119001 S/N ol DISCR |
| S/N486 ‘
e -2
GME»J F
*y
ORAN>Z
DIODE »——H =
Figure 14, t/V characteristic ot 1= to 18-GHz FEI
A second 11- ta 18-GHZ7 trequency Jdrscriminator coronrt was tabricated
stid] o gerng the HP FET and an NEC diade tor the detectr bt wath o longer
taput line to the FET gate to aliow ter some matching with o o hap tuner, e
basore schematio of thr crrveurt 00 shown by bag 15




1@

1+ e
1 — 2 =T )
= '
1 . !
i )
ADJUSTABLE i i
CHIP 7 !
! |
'
4 ]
[P M, 4

(4

Figure 15, Schematic diagram ot FET frequency discriminator
output shaping circurt.

The 4-stage tunnel-diode amplitier type himiters were avatlable for use in
the discriminator assemblyv.  The bhetter ot the two was selected, but the usable
trequency range of the discriminator was substantially reduced by the nooauni-
tormity ot the output power vs frequency characteristic of the Limiter.,  As
shown 1n Fig. 16, the TDA limiter was tested alone and with two combinations of
an additional asolator and adapters.  The ditference an the shape ot the outpnt
curves among the three s relatively small, and the level difterence can bhe
gccounted for by the attennation of the isolator.

There 1s a4 vartation of approximately 0.5 dB across the hand that an
ttselt woull cause o trequency ervor (850 MHz out ot the J-GHy bandwidth) ot
there were no corrective capaba ity attorded by tuning the FED discrominator .,
[The rapod changes an the power output below 13 GHy ol gbove 1505 SHe Limit the
bandwidth ot the discrmminator substantiallyv,

The - werall dicoriminator cntput characteristrc s chown bee b 10 with

thee anpat trequency range Limited to J205 to 1) GHz over whaoch tne ot pat
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characteristic is nominally linear and produces a total output voltage swing of
1.24 V. Over the extended frequency range of 12.5 to 17.5 GHz, as shown by
Fig. 18, the output of the discriminator amplifier is 1.58 V but there is a

significant departure from linear above 16 GHz.

i
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4 140

+ 130
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426
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Figure 18. Frequency discriminator - high range.

This FET frequency discriminator was installed 1n a frequency memory
system that was delivered as a part of the work on a program tor a "Single
Oscillator Wideband VCO" (Contract N0O0039-77-C-0271). The results obtained
from the overall limiter-FET discriminator assembly were such as to lLimit the
frequency coverage of the system to a bandwidth covering about 12.5 to 1o GH/.
However, a relatavely large voltage swing was obtained that required an
amplification tactor of only about 10 to tune the hvperabrupt varactor Voo over
a comparable bandwidth. This was compatible with the set-on speed requirements
of the syvstem, and the lTinearity was adequate for Jdirect tuning over the

reduced bandwidth,
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SECTION 111

CONCLUSTONS AND RECOMMENDATIONS

The use of FET frequency discriminators as low-cost receiver tront-ends in
surveillance and ECM systems has considerable potential. The overall size and
inherent simplicity are distinct advantages and the capability to operate over
wide frequency ranges with fast response and reasonable accuracy has been
shown. Remaining as the major obstacle to meeting the requirements of the
low-cost receiver system applications is the need for an equally small and
simple power limiter or an alternative.

All ot the performance curves of the FET frequency discriminator evaluated
during this program were degraded by the wideband fluctuations and fine-grain
structure in the output power vs frequency characteristics of the TDA limiters
used. At the start of the program, FET power limiters were not available as
they now are. Further work using FET power limiters is warranted hecause these
amplifiers do not require the large number of interstage isolators and
circulators of negative resistance type amplifiers (TDA) and, theretore, should
have much better fine-grain structure and flatter power output. Even more
likely to produce the necessary size reduction and performance improvements
would be an integrated FET amplifier/discriminator in which the trequency

response of the last stage of the saturated amplifier including a detector

would be properly shaped by tuning and bias adjustment. The total gain woulii,
of course, depend upon the required 1nput sensitivity.
Other techniques of reducing the dependency of the discriminator upon

input power level and temperature need to be investigated further. Diftfer-

ential detector circurts, logarithmic amplification to permit ratio comparison,
and circuits capable of operation equivalent to polar discriminators should be

considered to reduce the power level dependency. Compensation and self-calibra-

tion techniques to diminish the effects ot temperature variations on the

r. accuracy of the FET frequency discriminator also need to be 1nvestigated.
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APPENDIX

REPLACEMENT OF FET DISCRIMINATOR IN AN
OPERATIONAL FREQUENCY MEMORY SYSTEM

The effect of replacing one FET discriminator with another set to cover
the same band was evaluated during the repair of the original 8- to 10-GHz

Locked-Open-Loop VCO Frequency Memory System. The FET discriminstor, which had

been installed 1n late 1976, was tound to be inoperative as the system was
being readied tor some tests in early 1982, Evaluation of the problem showed

: that the unpackaged FET had degraded to the point where the output signal was
‘ only about one-third of the original amplitude.

: The FET discriminator was removed and one of the discriminators delivered
during this program was installed. When connected to the particular limiter of
the system, the output frequency-to-voltage characteristic, which 1s shown by

the photograph of Fig. A-1(a), was considerably more curved than that ot the

original FET discriminator for which the system had been optimized although the

N amplitude was more than sufficient. Readjustments of the detector diode bias

Ry

and the FET drain voltage as well as some chip retuning of the input microstrip
line resulted in a small improvement of the frequency-to-voltage characteristic
as shown by the hefore and atter double exposure photograph of Fig. A-1(b).

When the replacement FET discriminator was reinstalled in the 8- to 10-GHz

frequency memory system, the resulting overall tracking accuracy between input
and output frequencies was significantly poorer than originally measured. Even
after the VCO linearizer was readjusted to provide somewhat better matching of
the discriminator and VCO characteristics, a4 relatively large open-loop error
remained. By reducing the usable bandwidth of the system to approximately a

range of 8.0 to 9.7 GHz, the open-loop error was reduced to about 75 MHz -

approximately double that obtained with the original discriminator. Our basic
conclusion from this 1s that in order to consider the discriminator as a

repairable component that can be removed and ieplaced, the discriminator

assembly must be extended to 1nclude the limiter and an addational linearsizer

: amplitier. The specification on the frequency-to-voltage conversion would have
- to he in terms of absolute linearity rather than matching a partaicular VCO

j‘ which, 1o turn, would also be specitied 1n terms of absolute Tinearity.  The

4




discriminator assembly should also be contained within g separate temperasture-
controlled housing in order to better 1solate its pertormance from external
_l effects.

The results obtained from the repaired 8- to 10-GHz frequency memory
system with the replacement FET discriminator are shown in sets of spectrum
analyzer photographs in which a comparison of input and time-gated output

Il frequencies 1s made at various times after the start of the short input pulse.
The test equipment arrangement used tor these measurements is shown by the
block diagram of Fig. A-2. The microwave frequency input pulse is obtained
by pulsing a high isolation PIN diode modulator to make a narrow rt input

pulse from the cw output ot a4 variable frequency X-band signal generator.

e~

The modulator, or its pulse driver, also produces a timing trigger for a

+

variable delay pulse generator. The output pulse from this pulse generator

g
.

.

is used to gate a PIN diode switch connected to the output of the frequency
memory. Comparison ot the input frequency represented by a narrow c¢w spectrum
with the time-positionable, variable pulsewidth spectrum produced by the output
PIN diode switch, provides a convenient picture of the error vs time pertormance
of the frequency memory system.

The measurements were made at several input frequencies from 8.0 to 9.75
GHz and at three different delay t.mes referenced to the start of the input
pulse which was set to approximately 80 ns for all the tests. For the measure-
ments at 300 ns and at 900 ps, photographs of the spectrum analyzer display
were made only for the full noise-modulated condition. At 10 ys, photographs
of the spectrum analyzer were taken with and without the FM noise modulation.
The purpose of the noise modulation is to spread the output spectrum to cover
the residual set-on and memory frequency errors. The width of the noise
spectrum varies with frequency because of the nonlinearity of the VCO and
discriminator characteristics.

To hetter describe the timing considerations of the measurements, re-
ference 1s made to Figs. A-3{a) and (b). In both 1nstances, the upper pulse is
4 detected sample of the PIN diode modulator generated 1nput pulse that appears

somewhat longer than the actual 80 ns to which it was set because of the

response ot the detectar.  The lower trace shows the drive pulse to the PIN
diode switch which gates the cutput to the spectrum analyzer.  The gate was set
to a4 width ot (00 ns tor hoth conditions shown.,  In the tirst case the delay

between the start ot the anput and the gate pulse was set to 00 e wo that the




spectrum analyezer display represents the trequency of the VCO an the 300- to
500-ns 1nterval atter the r1nput pulse; 1n the second case the deluy (only) was
increased to change the sample time to 10 pgs - equivalent to a talse range ot
approximately +500 ft. No photographs were taken of the third test condition
tn which the delay was changed to 900 ps and, for improved visibility, the
sample gate extended to 1.0 ps at o reduced PREF of 1000 pps to avord overlap ot
the memory gate and pulse repetition interval.

The 1nput trequencies tor the measurements and the respeclive series of

photographs are as tollows:

Figure Input Frequency (GHz)
A-4 5.0
A=5 B.25
A-b 8.9
A-7 8.75
A-8 and A-9Y 9.0
A=-10 9.25
A-11 9.5
A-12 Y.75

For each set of spectrum analyzer photographs st a specitic input tre-

yuency, the various test conditions were as follows:

Figure Test FM
Letter Condition Noise
{a) 1 MAX
(h) . MAX
(¢} 2 MIN
() 3 MAX

In general, this series of spectrum analyvzer measurements shows that with
the addithion of some limited amonunt ot FY norse modulation, the S- to 10-GHz
frequency memory system can store and retransmit g signal with o saignrtroant
amount of energy 1n the presamed band ot the anterrogatiag radar although the
replacement ot the BET disoriminator resulted 1o o veduced gccuracy 1o the
system.  The capabrlities to work with o short npoat pulse, gt beast S0 onn oo
less, and to provide treguency storage tor repetition rate tyvpe antervals, such

as 1000 Gia 0 are partroalarly ampressive teatares o this basio coatem
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Figure A-1. FET discrimination characteristics.
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TEST CONDITION #3 - NOT SHOWN

DETECTED rf INPUT PULSE APPROX. 80 ns WIDE
OUTPUT GATE WIDTH INCREASED TO 1.0 us
OUTPUT GATE DELAYED BY 900 us

PRF = 1000 pps

Figure A-3}. Timing measurments.
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TEST CONDITION #1

DETECTED rf INPUT PULSE
APPROX. 80 ns WIDE

QUTPUT GATE FOR
SPECTRUM ANALYZER
200 ns WIDE

300-ns DELAY FROM
START OF INPUT PULSE

PRF = 5000 pps

TEST CONDITION #2

DETECTED rf INPUT PULSE
APPROX. 80 ns WIDE

QUTPUT GATE FOR
SPECTRUM ANALYZER
200 ns WIDE

10-us DELAY FROM
START OF INPUT PULSE

PRF = 5000 pps
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SPECTRUM ANALYZER 30 MHz/DIV

i‘ (a) OUTPUT GATE 200 ns WIDE
F DELAYED BY 300 ns AFTER START OF
L INPUT

(b) WITH NOISE v (c) WITHOUT NOISE
OUTPUT GATE DELAYED BY 10 us

(d) OUTPUT GATE DELAYED BY 0.9 ms

Figure A-4.  Spectrum analyvzer photographs - 5 ol
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(a) 300 ns

10 us (¢) 10 us

(d) 0.9 ms

Frgnree A=5.

Spc-( trum .m.al_\'xvr phwtum q\h'» - 5.
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SPECTRUM ANALYZER 30 MHz/DIV

(a) OUTPUT GATE 200 ns WIDE
DELAYED BY 300 ns AFTER START OF

INPUT (100 -5

(b) WITH NOISE (c) WITHOUT NOISE

QUTPUT GATE 200 ns WIDE
DELAYED BY 10 .5

¢ ‘4) OLTOUT GATE 1.5 -« WIDE
WLAYED BY 7.7 =1
PRE QEDNCEDL IO T el
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SPECTRUM ANALYZER 300 MHz/DIV

’

(a) OUTPUT GATE 200 ns
DELAYED BY 300 ns
PRF = 5 kHz

(b) WITH NOISE (c) WITHOUT NOISE
DELAYED BY 10 .s

o (d)

OUTPUT GATE 1.0 .5 WIDE
4 DELAYED BY 0.9 =g
PRF = 1 kM2
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(b)

10 us

T




“ i ' - . .'uv‘-““—‘u
c . B

1"‘

} @'

0.9 ms

CONDITION #3
WITHOUT NOISE

Figure A= Spectrum analyzer photographs = b0 Gl

conditron 3 without norne.
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(b) 10 us (c) 10 us

(d) 0.9 ms

Figure A-10 Spectoum o anvivser phet g aphie - L e
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300 ns

a)

(

10

(c)

10 us

(b)

0.9 ms

(d)
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(a) 300 ns

(d) 0.9 ms
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